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THE INFRARED SKY: A SURVEY OF SURVEYS
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0) ABSTRACT

A subjective review is given of the major milestones in infrared astronomy. %%'here iao direct
rct'rence is given I have relied on memory and personal conversations with the people involved.

I Empiasis is placed on the survey efforts between 2 and 120 .t, the realm of the extrinsic
photodetector. The historical developments in infrared astronomy and the pioneering, often
,marginally successful, survey attempts are put in the perspective of improving technology. Some
d. cussion is given to the survey discoveries and how they have extended our knowledge of tile
ifrared celestial background.

Key uords. imlrared: astronomy-infrared: surveys

i. Introduction The reader is referred to the meticulous compilation of

lcclmological advances continually produce better in- Gezari, Schmitz. and Mead (1987) for more thorough

strimnts and observing techniques for use in astron- documentation on individual objects. This reference con-

o.mmy When these improvements open a new spectral tains an almost complete list of the infrared celestial

re1gmime to quantitative exploration, the initial efforts usu- measurements published by the end of 19b6. In the

all% concentrate on the instrumental performance based present review, the survey efforts are emphasized by

0n mcasuretments of sources known, or suspected, to be giving details of the unique features of the various instru-

bright As the technology matures instruments ofincreas- ments as they chroiicle the improving sensor technology.

ing svnsitivity arc used for systematic studies to classify Complementary historical reviews may be found in the

the photometric and spectroscopic properties of known book by Allen (1975) and the articles by Murray and

sources at the "new" wavelengths. When the technology Westphal (1965) and Sinton (1986).

is sutfciently advanced, large-scale surveys are con- The significant contributions of the U.S. Department

dcited to catalog the celestial background and to discover of Defense (DoD), particularly the Air Force, in advant-

the new objects or unexpected properties of known ing infrared astronomy in the 1960s and 1970s is placed in

sourcvs that are prominent at the new wavelength, perspective; initial ground- and space-based infrared-sur-

Ot course, the progress is not usually this orderly. vey attempts as well as many studies and measurement

Diticrent groups normally work independently in (hope- programs by various university groups were under DoD

full%) friendly competition to be the "first". Surveys are sponsorship. The DoD interest stems from the fact that

tried as soon s tile observational procedures allow in passive emission from an object in thermal equilibrium

hopte of serendipitous discovery. Throughout it all, the with the near-Earth environment lies almost entirely in

partial successes and downright failures which, at best, the mid-infrared (8-30 iAm), a natural consequence of its

become historical footnotes contribute (sometimes signif- 250 K-330 K equilibrium temperature. This emission is

caiitlY) to the technological base which leads to the subse- difficult to suppress and, in most cases, is relatively mde-

que'ntly acclaimed achievements. This certainly has been pendent of solar illumination conditions.

the ctase in infrared astronomy. II. Historical Perspective
Many of the articles published prior to 1960 concen-

trated on instrumental performance with observations of A. Early Developimnmts

the brightest objects in the infrared: the planets. The Infrared astronomy began with William Herschel's dis-
more difficult stellar observations are relatively few up to covery (1800a,b,cd) and subsequent investigation of the
this time and are discussed in Section Ii. The rapid im- heating effects of invisible solar rays at wavelengths be-
proJ ement in infrared detector technology and observing yond the red. Interestingly enough, Herschel concluded
teclniques during the 1960s resulted in a burgeoning (1800d) that infrared heat from the Sun was fundamen-
,numlwr of papers in the literature based on infrared tally different than the visible light (Ashbrook 1960; Lov-
observations; subsequent progress is chronicled in terms ell 1968). Further infrared observations were made on the
of milestones such as photometry at a new wavelength. Sun and Moon in the 1800s but, including E. J. Stone's
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MSiiCCesSiIli attemtpt to maeasure heat fronk Arturus in dow sand formnally atcouaatiag Itir etujction. V. I. Sforoz
ISO( Ashbrook 1964), it wvas user a century After 11cr- initiated infrared astroaaoms'1) ki Russia Asithi publications
sh'sstudies before the pionaeering maeasuremnents of oil tle I-5-i.uaa spectra of plaaaets (Mloruz 1Mi11, 1964ua),

%tellar infrared emission w-ere obtamaed b% CobIet 2-im photomettry of' the Crab kNioroy. 19614.) and Orion
1915, 19""), Abbott 01924), Pettit atid Nicholson (1928, nebulae jhloroz 1964b), and anl attempt at maappling the
M933), Rust i19.3S,, and Eanhersoii (1941). These early galactic writer (Moroz l9b61u

obsers ations relied ol tl litatling ilf bloloaaaeters, ra- H Fl ls mrvdPooer n
thome t Ce s or thaermi opiles. us taI Is coimparing measure- til irst S90v urys /onnty n
atents wilth id %wthout sollet sort of filter such As glass., h istSae~

attica. orl water-absorfption cell ini the beama. T[le relatis el) [rhe carly insestigatiois were useful baut produced fewv

low sciisitis it% and sloss response tunte of these devices unexcte results. liaceed. the stud% b) Rust (193h; is

htoitd tfiiaiititab i eresults but somie notable ubserv.a- exceptional iii that lie trie-d to CfiArACterite very 1r'd simtrs

tiolis %sere mgade. CObleiati. k1915. 1922) f)ujkd that, as by their infrared properties rather thani extetidiig inca-

t-fyeted, itdsaspouerlts m iore infrared radi- suremieiits oil well-known star-, inito the iiifr-ared. Earl%

,atioia thani bluej stars. Abbott 11924) refiined these results desiga studies by Larnaure tI952 , 195b), wliica were Vx-
ss ith ss idle-badapaiss phfotoiietry (leinonstrating a distinct teiided by Ranasey (1961) and Kauta ( 1965), used black-
I ~i'drl ht oftlie p~eaks ill thle sjpetral-eiaergv distribu- body% extralpolatioiis of' visuial oltser% atioiis tit LiowiA ce-
iion for the cooler stars. Pettit anid Nicholson (192h, 193:3) lestial objects ito predict thle intensities that an inifrared
isolaited thec iinfrared emission of 124 stars b% diflerciacing detection systein would encounter. Walker (19612) genetr-
liaaeSirea'Viiit, Made with and without a watr-r-absorptiim alized this app)1roach~ to talkulatc the Li gc-scaie disti ibu-
clin dic rhw aii. Theise- heat inidices were fundamnnital to tion of infrared t2. 2i-iai radiation oil the sky, lie first

the' In-4 cnprt'hensis ' dens atioia of stellar effctive derived stellar% isual to inifrared color indices as a funct ioan
tortti tr mid boiimttc correctioni saebyKiper of spectral type- by assulalng tile stars radiated like blat.k-

1Y-3S ~aatSmovlaat later. Eaaafersuii (1941) exp~inded the bodies wkith fIIctrse temiperaturies characteristic of thic
dlatai bast' %itla smoalar Iaeasairt'ateits on SO stars. respectas e spectral types. 'lTese indics were thjen apl-

,me* ,.'\t igniicint developaaeiit wa, tlie use of' plied to the tabulationls of .Nort t19-3(1, ss hula divide the
jdaotodttct,ios inl thet late 1940s by KtaiferkI947i aind his. Henry Draper (Catalog nato star counts as functionas oh
,,,soumatus (Kkapt'r, Wi'asoia, anid Casauaaaa 1947). AJ- miagntitude. spectral t~ pe, anad galactic latitude, to esti-
HItOugl the aaaflaued plaotuiuspoiiscs of certain maaterials iaaate thle 2. 2-jii dil .use Celestil hbackgromi~d as a Iiac-
fiath lat'Caa kituiwia liar soiat'tuiaa, World War 11 pros ided tionaofgalactic latitude. Later, W~alker aiad 1)'Agata (1964.
tile iiipattLa thI at led lhe (4. c iiails to develop lead sulfide private comn icat ian)m used a san uar approach for tfaa'
TbiS froat a laboraitoryv urao-satN nato a usable detector discrete 2.2-i±aaa backgrouaad to deive\ a subset of' stars
Kruase , fclachalii, aaad NfcQuistan 1962). Photodetee- I -rom thle Sinitfasoia ii Astrophysical Observatory Catalo g

tors are- miore liiaited ink spectral respo~nse thani thermal predicted to be brighter than mnagiiitude -'4. This tabaula-
,IV% ict's hot lha\ e ben developed to time point where tile)' tioia was useful iii idcaifyl'iia g sources subseqfuenatly de-
Mae sigificaintly maore sensitive and have mtuch faster tected during mear-ifrared surveys (Price 196ha,
t'spoise tiiaaeLS. Huighes 1969).

Shortl\ aftt'r thea pionaeerinag spectral scans of the Suit, Ini the late 19-50s aiid early 19604s, the Doi.), lpriiaaril)
Mlercury, andt1for bright star,. by Kuiper aiad his collabo- the Advanceed Research Projects Agenicy (ARPA), spom-
tiators, Wahitford (1948) uased a PbS detector to extenad the sored diverse mieasureiment p)rograivist) imaprove thie
('iafparical reddenaing curve inato the near infrared based on theni meager inforfmation onl the inafrared background. For
sit'lar p~hotomietry in spectral bands of'(1.8-1. 1 Ain and examiple, East man -KolakOlaito State Umiversits' wert'
1 6i-2. 2 jank. W~hitford (195h) later improved the seiasitiv- funaded by the Araiv to obtain stellar photomaetrv with
it% ot tile maeasiiareenits in hlis reddening investigationi by photocoiadUetors at 2.2, :3.,', aind 10 i~ (Baalarnhart anid

(cloliiag the tell with dry ict'. lFelgett (1451) observedl 51 tHaynie 1964; Barnihart anid Mihitell 196). Lou hMesisr,

Atmar) \% th a PbS ph~otomeatetr conastructed as part of' his at Wriglat-Pattersoa AFII, b~egani a limg-terna program to-
lil.D1 research. The heat indices hie obtained oil 2h of develop a ItI-i.L.I mapping fplotoanitcr fojr use oma the(
these stars by d[ile'rencing phtetrt' with aiad without a 48-iiich (I. 2-in) Air Frorce telescope at Clu Crft Nw
m1ica wviidosv in thie beam agreed well, for the stars in Nh-xic--an olajectise ultimately realized at the ARI'A
taaiiowa with those of Petit iad Nicholson who used a (now Air Force) Maui Optictal Stationa (ANI( S) oni Monit
s%%atr-absorption cell. Luimel (1960 published the niext Hleakala. Russ Walker at the Air Force Cambhridgte it'-
atemisivt' set of' iaear-inafrared stellar phaotometry. Her search Liboratories (AFCRUL he-gaiia .iprogrami to charac--
obiservatiomns tail (if stars are notable in that she tried ito terize the near-infrared sky which included thle extraplola-
e-limnate Atnmosphaeric effects onl the photometry by se- tive analysis referred to above, as iiell as ir-ifiraue
hecthiig a filter matched to the 2.2-gin atmnosphecric win- stellar photoaet'v and A survey. Freeiman mll, At irlT ri

Dill;
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Federal la boratories in California, was contracted to carbon stars (Mendoza and Johnson 1965), And NI dwarfs
build i satellite tracking radiomieter. (Johnson 1965bi). The review of Johnson (1966a) coordi-

The instrument built by Hall in 1960 was capable of nates the results of these studies into a single set of
scaninag Over a large area of sky in a relatively short tunie, reference tables. Thus, the discrepancies noted by Hall
A.50-can Newtoniana telescopew with a niodding secondary were systeanatically addressed.
inirror was used it) sweep the 1/40 x 1/4" instantaneous In 1963-.64, Hall constructed a more sensitive all-alu-
field of view of the detector over +t 25. The background inialua infrared survey telescope capable of detecting
t'11iiS~ioil was suppressed by~ space filtering; that is, the both point and extended sources. The 60-ci, f /2 primary
field of %iew% was rapidly chopped by at spoked reticle, was patterned after the 60-inch (1 .5-in) aluiniaauin mirror
"OURI's sulaller thin the reticle spacimag are modlulated which had been designed by the University of Arizona for
w.00lc the general background remnicoiiostant. Synl- infrared photometry (Johnson 1966b). A linaear array of*3(
chromus rectificatioii was used to detect the sources PbS detectors, each with a one square-arc-mninute field of'
while elimninatinag the background. Low-level signails view, was mounted on a two-stage thermoelectric cooler
%% tt detected b% their ordered Appearance onl repeated at the Newtonian focus behind an eight-bladed opaque
Willi lines oil a mneniory oscilloscop~e. Hall and Stanley choppjer. The average sensitivity of the instrument was
J96~2; inaide the first mneasureament Of A Satellite (1959 about2X 10 '5 cn 2 Ai resulting iin atdetect ion level
Et ho 1) lougward of* 3 Aimn wvith this instrument. Hall 'Also ksignal-to-noise ratio of 3) equivalenit to a magnitude of -2
o;)taomed 1-3 jAn phiotonmetry onl 40 stars and four planets. at 2.2 Ain. Surveying with this instruinmat began in the
i It. 10011d that the stellar 1-3 Ain magnitudes were consis- summer of 1965, about the tinie that time Cal Tech group
tenth briiter. b i,s nch it- it fau'tor ,f 2 to 4 for late-type announced preliminary results of a niore sensitive survey
AL1i s. thii dame. predicted froim blackbod% extrapolations (Neugebauier, Martz, and Leighton 1965). lIatber than
A' sisiaal amiagmalituites Atid effective temperatures of the compete with this effort, Hall decided that thme IT instru-
c'Orr.Sponding spectral types. Thus, Hall (1961) recog- went would be imore productive iii thme Southern Henii-
milted relati~el% eairls that "stars canmnot be regarded as sphere providing omnplitnentary coverage. A survey of
radatmg like blackbiodies with a temperature estimated the southern sky began in February 1967 unider AFCHL
Iroam thevir % isual appearanice", A comiclusion concurrently sponsorship but unusually poor weather that year limited
iteacied by the East aman KodakiOSU group (Augason and the number of relatively clear nights to an average of only
Spuirad 19053). two per week. Consequently, the results were too meager

Ila~ll k 196A) used the IT instrument, which was tailor- And progress too slow for AFCRL tocontiuefunmding arid
imade for scanning large areas, to conduct the first suc- the effort was terminated in September 1967.

cessil near-infrared survey ofthe skv during the summer Price (1968a) published the survey detections as a list
amonths of 1962. A total o~f 18% of the sky was surveyed of 414 sources in 2000 square deg'rees south of -30'
with a PbS cell cooled with dry ice. About 50 stars were declination. About 15% of the sources ini the list were
dett-cted with 1-3 Amn magmitudes brighter than about associated with cool, late-type variable stars. The relative

1.-0 along with a nmber of marginal detections and/or proportion of these variable stars increases At the fainter
idications of possible clustering and extended emission. visual magnitudes becoming the majority for stars with tit
I Iall also tried sinaller area coverage at 5 Am with a > 8.5. Price (1968c) Also found that the infrared index (tit,
Telluaride (Te) detector and at 10 Amf with a Miercury- - it.~, ,for Mfira variables increases with period and the
doped Cermiaiun (Ce:Hg) photoconductor; positive de- indices for irregular variables are, genterally, larger than
teciomis were obtained at 10 Ain only onl Venius and Mars. those of the Mira and semiregular variables. Subsequent
% oncurrent 2.2-~Ani survey by WValker (Augason and analysis by DeGioia-Eastwootl et al. (1981) at longer
Spiiarad 1965) using at nitrogemi-cooled PbS photometer wavelengths confirmed the correlation of infrared exccss

It 20-inch (50-cm) telescope was not as productive, with period for Mtir".. Finally, one of Freeman Hall's
'lhe rapid development of near-infrared stellar pho- original survey objectives was realized with the discovery

tooimetry iii the early 1960s can be attributed, ink large part, (Price 1968a,b) of an extended (2' x 4') infrared source*, a
t) thme efliurts off 1. L. Johnison amid his collaborators at the heavily obscured opeai cluster in Ara (Westerlund 1968).
Lmmiersity of Arizona. In the 1950s this group began an To date, the most comprehen sive near-infrared survey
exteismc-nicasurmmments program to obtain accurate and is the "Two Micron Sky Survey" (designated hereafter as
ss stemmatic photometry of the brightest stars. This pho- the TMSS) of Neugeb Auer and Leighton (1968, 1969).
tonetry was extended to the Atmospheric windows Len- The instrument was quire innovative; the 157.5-cm pri-
tu'red 1.2, 2.2, amid 3.4 Ain (Johmson 1962; Johnson et al. mary was made by -allowing epoxy to solidify onl a rotating
196)6) as the appropriate hiastrumnentation was developed. Aluminum frame spun at a rate sufficient to produce Anf/1
'rlmt'st observations formed the data bawe upon which surface, then aluminizing the resulting optical element.
Johnson revised the effctive temperature and boloniet- The focal-plane array of four pairs of PbS detectors and a
ric cot rectmoil scales for' the brightest stars (Johnson 1964), single Si cell was located at the prime focus and cooled
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with liquid nitrogen. The PbS detectors, each subtending to the very small number of such stars in tile solar vicinity.
a 3' x 10' field of view, were filtered for a spectral Hughes (1969) and Mikamiand Ishida (19M) analyzed the
bandpass of 2.0 to 2.4 Aim (equivalent to the Johnson K galactic properties of the stars in the TMSS by sampling
hanid) while the 3' x 30' silicon element was filtered to According to the (I -K) index. Both analyses assume a
resp-ond in tile region fromn .7 to 0.9 Ain (the I band). The functional form for the vertical scale height and a normal
prinary was wobbled at 20 Hz to sweep the field of view (Gaussian) luminosity distribution for each (I - K) sample.
hack and forth across a pair of adjaent detectors and the Hughes (1969) derives absolute K magnitudes, the lumi-
,csulting signals differenced to reduce the bAckground. nosity dispersion, tile number densities at tile Sun. and

"7he region between -"30 < 6 < 620 was surveyed at scale heights for each sulclass. Mikaini and Ishida (1981)
l.ast twice with approximately 2 x 10' sources observed assume t~he values for tile absolute K magnitude and
.)ove the nininium detectable intensity of 10 is Wcil 2 luminosity dispersion for each subgroup aod derive tilte
Ln I Hughes 1969). The TNISS catalog contains the number densities in tile solar vicinity and the scale

brightest 5612 of these sources, all of which had beei heights. The analyses confiran that, except for tile super-
aeasured at sonic time to be 2.5 times above tile mini- giants, the TMSS hi giants lie well within a kiloparsec of
mumto lesel (equi% aleit to a 2.2 .in magnitude of -3). the solar neighborhood, have a vertical scale height o'

The perarmancc of tile TM SS instrument was quite 300-400 pe, and have a density in the solar ,jeighborhood
remarkable. An unpublished extension of the survey of several times 10 'kpc I.
Neugehauer 1971. private comumnication) covers the The V'alinhos survey is theonly exteisive iear-infrared

diechnations between - 330 and - 469; the most southerly Southern Hemisphere survey to date with published re-
dkiclnatilon is only 100 above the horizon at the observing suits at a sensitivity comparable to the TNMSS. The area
pltc oil Mott \Vilson. Thus. these observations were between 240' to 360' longitude witmin 5' ol the ga"actic
mllade through 2.5 to 6 air ilasses resulting in 25% to 50% plane was surveyed at 2.2 jimn with a siigle detector at tilt
.ltlloslpheric extinction at 2.2 sun. Even at these large Cassegrain focus of the 60-cin telescope at tie deMoracs
vxtmctiojis, the Cal Tech instrument was about 4 times Observatory of the University of Sao Patlo il Brazil.
Iiure seisitive tilan the 1T survey telescope. Eplhtein et al. (1985, 1967) published 0loiow-up itirared
The TMSS catalog defines a near-infrared sky doni- photometry on 630 sources selected from tile more than

nated by coo1, red stars: M. S, orC stars with T, S 4O K 1500detections with K!5 5.5. UnLortunatelv, a catalogo
c,,shtItute 70%, of the catalog according to the compilation all the sources has not been relea.wd.
o, Bidelman IY9W. fhe nlode inl tle distribution of stellar Fainter surveys lae been limnited to small-area IveS-

spttctral types is At M5 with half the total lumber of stars tigations of the structure of the galaxy or star-forniing
III tilt catalog within two spectral subdivisions of this. regions. K-band micasureamemts are ustdl probes flor tlt-
I uontrast, the tabulations by Nort t.19%) indicate less stellar content il heavily obscured regions as the extiuic-
tl,.u 3', of the stars ill the lenry Draper Catalog with tion at 2.2 jim is only a tenth tiat ill thc visual and tile
ii, !S .5 are this cool. Tie ki --K) color indices of the therial emission from circuistellar dust shelis is rela-
itddest stars ill the TMSS catalog are much larger than tively small at this wavelength. On the large scale, tile
call be accounted for by the effective temperature and ear-infrared sources in the direction of tle north galactic
alolecular line blanketing. Aimong this group of stars are pole tend to be bluer at the taint magnitudes, the doani-
iu1ialv reddeied supergiants Klcininam and Payne-Ga- nlant spectral type at a given magnitude shift from late K
),'chikin 1979; Grasdalen and Sneden 1979), character- and Ni giants to G dwarfs (Elias 1978). This implies that
iz'd by their nonvariability and concentration to the away from tie galactic puiun tile majority of the late-type
g~aactic plane, and a new class of large-scale contributors giant stars are included in the TM SS and that applying the
it tle celestial background: stars usually giant variable proper (V-K) index to tile local luminosity riEction will
*t.rs o0late spectral type) embedded in circumstellar dust predict the near-infrared background at taintcr levels. hIl
siwlls. The large color indices for tilese objects result from the plane, structure has been probed with selected area
rkddening by the surrounding dust shell. From the asso- deep surveys by Kawara et al. (19h1, K < 6.b), Eaton,

t iou of niaser emission with circunisteflar dust shells Adams, and Giles (194, K < 10.5), Jones et al. (1981, K <
.1.d the color characteristics of these objects, Kleinmann 10.5), Jones et al. (1964, K < 9.5). The aggregate sain-
i't al. (1979) estinate it is likely that the large majority of piingcovers longitudes between 320 through the galactic
tilt- 5o1cc:; in tw TMSS with (I -K) > 3.6 (- 40% of the center out to 60. These investigations show thlat more
t.atalog) fall into this category. luminous stars (08s and supergiants) are required tha

As a large-scale unbiased survey of late-type stars the are predicted by extrapolating the local visual luminosity
TM SS provides a unique data base to study their intrinsic function (Jones et al. i9 l; Eato, Adams. and Giles 194)
properties since visual studies of these stars are usually in order to account for the observed source densities. The
hmited to a small portion of the sky, are biased by inter- scale length of the disk in the near infrared is small, 2-2.5
stellar extinction effects, amod ae difficult to interpret due klpe. Thi5 is compared to 3.5 kpc tbund trorn H i observa-
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tions (Gum, Knapp, and Treinaine 1979) and z 2.5 kpc observing (Neugebauer 1973). Concurrently, Fraik Low
for the visible disk from an analysis ofa smaller number of (1973; also Low et at. 1976) attempted surveys at 5 and 10
relatively low-latitude fields by Baucall And Soneira Pim after spending two years developing an optimal
(1984). ground-based survey instrument. The greatest 5-pin sen-

Lebolsky and Rieke are currently engaged in an ambi- sitivity over the approximately 700 square degrees sur-
tious effort to survey 15 square degrees of the sky at 2.2 veyed was 5 x 10- " Wcm _ pin ', equivalent to the best
pgn| to 17th magnitude. This study uses a 32 x 32 HgCdTe achieved by Neugebauer. Low also surveyed about 1000
array at the locus of the 1.8-in University of Arizona CCD square degrees at 10 pim in a one-year period reaching a
Transit Instrument (McGraw et al. 1984). These data minimum detectable flux of 3.5 x 10 " Wcna pun|
should provide valuable information on galaxies at high about 25% of the time. Only one source. AFGL 490, was
redshift and coinstrain the low-mass end of the local lumi- subsequently confirmed out of a possible 44 detections.

nihtiity funLctiohi. To give proper credit to Low's efforts, it should be noted
that the detection of AFGL 490 was indepe,,dent of and

C. Mid-infraredPhotwviry contemporaneous with the AFCRL rocket-survey discov-
During the inid-1960s several groups were actively cry. Even with 'the recent improvements in telescope

eugaged in extending astronomical measurements to design and the automated observing procedures, atmo-
longer wavelengths. The Colay cells used by Sinton and spheric limitations still make a comprehensive ground-
Strong (1960a,b) to obtain b-13 pin spectrometry and based survey beyond 4 pn impractical.
photometry of Mars and Venus were supplanted by the
much more sensitive doped gerinaniuan photoconductors '. atorims
(wildey ad Murray 1964a) and the germanium bolome- The atmospheric emnission above the 10- and 40-kin
ter tLow 1961). The early mid-infrared measurements altitudes reached by aircraft and balloons, respectively, is
pro ed to be dillicult since the thermal emission from the lower by a factor of 102 and l0 j compared to that tirncoun-
tel'scope and thle atmosphere provide a background tered by ground observatories. The molecular absorp-
which severely linits the sensitivity of photometric oh- tions which restrict ground-based measurement to in-
which sevrelThlimtstthe sesitivityon photodtrec ob- frared atmospheric windows are signiflcantly reduced and
ern.tioas. The photon backgound can be reduced by observations in the opaque regionls are feasible. This is

carful design of the telescope and dewar, leaving the far patir in the pe region ri 35 i

moure serious problem of the spatial and temporal varia- to the subaillimeter.

tions in the atmospheric emission. This **sky noise seri- the tillinetro
The initial infrared astronomical measurements from

ously degraded the early survey attempts of Hall (1964) an aircraft platform during the mid- to late-1960s are
and produced erroneous indications of clustering and described by Low, Aumann, and Gillespie (1970). Photo-
exteided emission in his 1-3 pin survey. metric observations of Jupiter and Saturn (Aumann,

Sky noise is reduced by using a small field of view and Gillespie, and Low 1970), the galactic center (Aumaun
heamia switching, that is, alternately viewing adjacent and Low 1970), and H ii regions (Lw and Aumami 1970;
fields, one containing the source of interest and the other and Low 1970) are in w a Amal 1970;
empty sky. Synchronous rectification of the signal cancels Harper and Low 1971) were obtained with a small tele-
the emission common to both beams; the closer the two scope flown on a modified Lear Jet, in part with financial

fields are the greater the correlation in the emission and support from AFCRL. NASA augmented the Lear jet in

the higher the cancellation in sky noise. Johnson (1962) the mid-1970s with the Kuiper Airborne Observatory
ad Johnson and Mitchell (1963) used these techniques to (Bader and Wagoner 1970; Bader and Witteborne 1972;aid s ell ometry t hes ech n Cameron and Strane 1974; Cameron 1976), a passivelyexte.ad stellar photometry to 5 gaim. Successful 10-gain cooled 91-can diamneter telescope on a C-141 aircraft.

photometry was initiated at Cal Tech (Murray and Wildey cooed wit els o n a C1 airedat.
19&. Wlde ad Murry 164~b)AndAtthe University Chopping with small fields of view is still required to1963. Wildey and Murray 1964a,b) and atotry nie reduce the sky noise and thermal emission from the resid-

of .Arizona (Low and Johnson 1964). Photometry in the ual atmosphere above the aircraft. Consequently, the
,atmospheric windows at 20 pm (Johnson, Low, and Stein- aircraft-based telescopes have primarily been used for
imaeti 1965; LAow 1966) and 34 pin (Low, Rieke, and Arm- photometry and verylimited area mapping centered or
str,,g 1973) followed in due course. ph o rce.

Using a small field of view would obviously make a 5peLifK sources.
large-area survey from the ground prohibitively time con- E. Balloon Platfunst
suming and beam switching discriminates against ex- The higher altitude and extended float times on bad-
tended sources. This was clearly denmonstrated by the two loons permit long integration and larger areas of sky to be
ground-based survey attempts at X > 4 pm. A 5-gam surveyed. The first extensive balloon-based program was
sur ey with the TNISS telescope was seriously degraded at John Hopkins with an initial flight in November 1959.
with a cell-noise-limited performance of im (5 pm) S - 1.5 This experiment was inconclusive but Bottema, Plum-
mag h eing achieved only 3% of the time during a year of mer, and Strong (1964) subsequently reported spectral
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Imieasuremenlts Oi Venus at 1.13 lLin during a February type har-infrared neasurements taken with large tele-
1964 flight. Project Stratoscope at Princeton University scupes and diffraction-lnsited fields of view. lie balloomn-
obtained 1-7.5-.ui spectra of Mars on a March 1963 flight borne surveys can also be divided into two miain cate-
D)anieson et a/. 1964) and 1-3 -Lin spectra of red-giant gories: the near infrared, primuarily at 2.4 s±in with soie
aitd supergiant stars \ouolft Schwarzschild, and Rose 3 .5-1imn measurements, and the &ar infrared at X, > 50 j.ii.
19I4; Danielson, Voolf" and Gausted 1965). Jupiter The near-infrared measurements are made in the
I)anielson 1966), and the Moon (Watson and Danielson narrow spectral gap (< 0. 1 gLm) at 2.4 I~Ln between tile At:
9 oil a Noeniber 1963 experiment. These balloon -- I And 2 bands of Ofi to avoid the rapidly varying

h.xsed ilieasuremnents were above much of the atino- background produced by this illlecile Abdove ballooll
spheric water vapor and were aflected significantly less by altitudes (Sugiyauia, hlaihara, and Okuda 1973). Large
atmospheric CO,. CO, and H,() than the ground-based instantaneous fields of view, 1-2 ° , .were used in the
imirartd stellar an.d planetar-y spectral neasurcnients by early experiments to connlpensate 1ir the harrow spe-tral
kuilper ct al. 19-7. Kuiper (1947, 1963, 1964), and Mo- bandwidth and small size (10-20- lli oof the telescopes.
,4Z 0961a, i*i4A). lowever, even at balloon altitudes Hofnhinn el al. (1973) detected the large-scale 2.4-;.Ln
the ,- 30pAili spectral region is usually avoided since the zodiacal1 enission at all elongation of about 24'. Diffuse
J1mbieit atmospheric emission ieaks in this spectral re- 2 .4-1tin elmissioun has also been inapped aloig the galactic

i.un. Notable exceptions to this were the AFCRL balloon plane between - 70 < I < 6750 (Maihara ct al. 1978,
thilits ill April 1971 by Logan, Balsatno, aud Hunt (1973) Hayakawa et al. 19M1). Nicasurentnts at 3.4 ILni by Hiof-
lo lieaslir the lM-1 2 .5 -Imin Martian radiance profilesand nann, Lemnike, and Thun (1977) and Hayakawa et al.
111 1974 to ini.asure tile absolute spectral radiance of (1981) are inconsistent and may not be well calibrated.
'e'is and Jupiter betwoeen 4.5 and 16 l.in (Logami et al. The galactic plane has also been surve~ed at longer

197 1). of historical note is that the 6-ctn primary optical wavelengths it. various spectral bands between 50 anid
, s'lll flow1 b\ the AFCIL group ol the 1971 experi- 300 R.n (Low et al. 1977; Maihiara. Oda, and Okuda 1979;
liluj %tS Made eitirely of berylliumit, the largest set of Nishimnura, Low, and Kurtz 198o, ispert, Puget, amid
si-h o)tics fit)n% ibr infrared astroniomtical measurCmeiits Serra 19b2; Caux et al. 1984, 19.5). These surveys were
itile thInlfrired Aatrvuvniicd Satellite (IRLAS). muade with modest-sized telescopes (< 20-cin diameter)

A detectim of the Mootn at ItK) Iiin by floffinan et at. and large fields of view (0 . 2 5 -1). ThFie iuost extensive
1967) %as the' lirst balloo i-ba.ed obSeratiou at longer coverage is by Caux el l. k19h4, 19M.5) producing 71-95-

\'%t.itltgths.hliis was illowed Iy 1Ou- ii photometryof Rim and 114-196-Ln iliaps betsseln 2700 < t < 110'.
tht. galactic celiter k|oilalilam ald Frederick 1969), a Okuda (1961) surnmnarized the large-scale surveys active
silsequeltt more-detailed Ilap of" the galactic cetier durig the 1970s and includes Iilat of tile early balloon-
kI lofibi atn. Fruderic, aid Eiery 1971a), and a sur cv borne investigations not referenced here.
alting the galactiic )lae (Hothioalin, Frederick, aud The balloon observations clearly show the large-scale.
'illert'r 1)7 b) whicih co)ered about 750 square degrees edge-on view of our galaxy. The 2.4-llin ieasuremients
li.t sitgle spectral hand spanniig the 60- 135-tmit region. limni the stellar content while tile lar-iiafrared Ilmeasure-
Friedlander and Joseph (1970) and Friedlander, Goehel, inents highlight the H II regions. A roughly constant ridge
Mid Joseph (197-) attempted a largerarea survey ilk avery of emission underlies a nunber of discrete extended
broad spectral hand (40-250 Ili) with limited success, sources along the galactic plae between 3300 < it < 300,

.\l)l)roiiniately 270 square degrees of sky were scanned the emission then decreases almnost exponentially with
oi two balloon flights in September 1971 it% a broad increasing lomgitude from the cemier. The emlission ridge
k.10-:350 giil) spectral band by Firnmiss, Jennings, and within 30' of the galactic centter has all obsersed half-
\boairw~d t1972). Several objects were detected iuclud- width at full inaxiinum of35 to 50 at 2.4 Iiln (Maihara Ct
itig two utientil ed sources. Subsequent flights )y tlis at. 1978; Hayakawa et at. 1981; ,lhlnick et a!. 1987; Koch

Irotp with mtuli'icatioi of tile balloo. instrutenlt pro- et al. 1987a ), 2?5 at 4.2 tmln (Price 198I), aind narrows to
d(ited 44J-3 n)-ii. maps of NGC 6357 and NGC 6"34 about 10 ii the &r inlrared. A spheroidal bulge at near-in-
(E:itmurson, Jeniiigs, and Noorwood 1973), the galactic frared wavelengths tA - 5 Lni) surrounds the galactic
ciater and W51i tAlvarez et al. 1974), W3 (Furniss, Jem- center out to about 10°; the mear-infrared colors of tits
iings, and NlMor s d 1974, 1975) as well as far-infrared colnlxient are entirely consistent with emission from
)ltotonetry ol a n nmber of Iii regions. late-type giants if reasonable interstellar reddening is

The baIlo. experinents active during the early 1970s assumed (Little amid Price 195).
art. reviewed by Hffmhnann (1977) while Drapatz (1982) The near-infrared emission has beet efl.ctively mod-
described mor-receit instrumnentatiMn. Subsequent bal- eled with an ellipsoidal bulge, a galactic disk plus rings or
l.oi-borne infrared Astronomy has developed in two mai arms, and extinction estimates fri'n reasomiable assump-
directions: (a) large-scale surveys with relatively small tmons fIr the interstellar dust distributim (hlayakawa
tlescopes and large fields of view; and (b) observatory- et al. 1977; Mlatlhara et al. 197h; Oda 19W5). The disk scale
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length in these models, 2-2.5 kpc, agrees with the value with four 5* X 5 detectors at the prime focus to cover the
derived from source counts. These models also require a spectral range frmn 5 jIm to 1.3 mm (Hrwit, Houck, and
region of enhanced luminosity, assunted to be due to Fuhrman 1969). An elevated submillimeter background
,upergiant and giant stars, in a narrow ring of 50 pe was detected with this instrument on a February 196
ertical scale height at 4-5 kpc from the galactic center to flight (Shivanandan. Houck. and Harwit 1968), a result

.4ccoumnt for the emission ridge. confirmed on a reflight later that year (Houck and Harwit
Smaller areas have been surveyed at improved resolu- 1969). Although these experiments concentrted on the

tion. The Cygnus X region (Campbell et al. 1980) and the diffuse cosmnic background. Feldmann, McNutt, and

1Alatic plane between 1?5 and 170 longitude (C;ampbell Shivanandan (1968) did detect discrete sources in the

ct l. 19M,) were mapped at LOUO pn with (W2 resolution. direction of Ursa Major, probably the ejected nose cone.
J.die. Stier, and Fazio (1982) surveyed a 7.5-square-de- The Cornell University group ,.ontinued to fly rocket-

:ree ttoii ofthe galactic plane and Odenwald And Fazio borne experiments, in part with AFCKIo t'nnding,

198-) covered 8.5 sluare degrees around the galactic through the inid-1970s obtaining 5-6-I.zn. 12-14-pin,

etnter with a I-nn telescope at V resolution. The small and 85-114-jLn nneasurements of the galactic center

held aId hCam throw used on this instrument may have (Houck et al. 1971; Soifer and Houck 1973) and H it

filtered the large extended component of the background regions along the galactic plane (Soiler Pipher, and
t4IiIssioi as there is a factor of3-4 discrepanucy for some of Houck 1971) with 1/4° x 1* detectors. The thermal in-

the sources iii c.'on with Campbell et al. (19Mr). fared emission frommi the zodiacal dust was detected ou a
single plane crossing during a 1970 flight at large solar

Ill. Probe-Borne Infrared Surveys elongation (- 10(f) by Soifer, Houck, and liarwit (1971).

k. TIh Early Sindiig Rucket Experiments A subsequent 1974 experiment obtained a single b-14-

FI ing the telescope into space eliminates the prob- It.n spectrum of the zodiacal emission, also at large lun-

4tmmi'u. *sociated with atmospheric emission and absorp- gation (Briotta, Pipher, and Houck 1976; Briotta 1977).

tiom. Furthermore, the sensor can be cooled in the vac- At shorter wavelengths, the near-intfrared zodiacal

Lilill 0t space to temperatures where the instrulnenl'i, emission at an elongation of about 23* was miieasured on a
h.ickground no onger limits the detector per ntae, rocket-borne experiment by Hayakawa, Matsumoto, and

.C1 10i -large fields ofview. The rapid response times and Nishimura (1970) in spectral bands centered al 1.57 and

high t'sitivitme. of photoconductors under low a ack- 2.16 im. Near-infrared measurements are important in
rtold it po etoI understanding the physical properties ofthe zodiacal dustconditios aade itpossible tcollect asignifica sint e this spectral region spans the crossover front re-

.1ioulmilt of data in the 200 to 300 seconds of flight time flected sunlight to thermal emission. Matsumoto, Akiba,

.mlo~ , the atmosphere provided by the early sounding and Murakami (1987) recently reported rocket-borni ob-
ik the summer o 1962, the NASA Astronomy S.bcom- servations of this spectral crossover for the zoJiacad dust

miittee appointed a panel to determine the status of in- cloud out of the ecliptic plane and at large elongations.

I rared astronomy and provide a bakground to assist the This experiment was a significant improvement over an

tommittee in assessing possible space applications to the earlier one which observed an anomalously large back-
held iAug-on aind pinrad 1965). A 1964 poll of the ground attributed to extragalactic sources (Matsumoto,
ofi'area astronomy ommunity was taken by NASA as to Akiba, and Murakami 1984). Other near-infrared rocket-

wihat direction space-based applications the field should based survey measurements are those of Hayakawa et al.

i jke. The majority opinion was that resources should first (1978) and Noguhi el al. (19.5) -Along the galactic plae at

-o into realizing the large potential increase in sensitivity
10r ground- and aircraft-based photometry through care- B. Tie Air Force Surveys
Iml instrunnent design and improved observing proce- These experiments, as well as the balloon-based sur-
dures. Some flavor for these issues may be found in the veys, sample the celestial background by concentrating
liscussion which t6llows the article by Harwit et al. on the galactic plane and regions known to be bright in the
1968). However, following its charter to promote use of infrared. In the lati 19MUs the DoD became actively

s.pace, NASA sponsored the Naval Research Laboratory interested in characterizing the general mid-infrared
NIL) and Cornell University to fly the first infrared background by means of a large-scale unbiased survey.

,,tromomnical experiment on a sounding rocket. A 14-cm, The ground-based efforts by Neugebauer and Low at k >
f/O.8. liquid-nitogen.-culed telescope was launched 4 im were funded as part ofthis effort, but a rocket-borne
front White Sands Missile Range, New Mexico (WSMR) survey was seen as the next step. Based on their previous
u 1965 October 29 but failed to detect any signals (Har- experience, NRL was the logical choice to perform the

wit rt al. 196). Both groups subsequently developed and rocket survey. NRL was, however, deeply involved in the
independently flew liquid-helium-cuold instruments. far-infrared experiments and lacked the facilities to han-
The Cornell telescope employed an 18-cm fl).9 primary dle both progrms. The task fell to AFCKL.
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lk 1970 AFCIIL flew two proof-of-concept experiments sensitive doped silicon detectors, and to substitute a
using a siall (10-n) )itluid-neun-cooled telescope with a 24-3D-Isun filter for the one at 3-5 in. Celestial coverAge
hImear array' of'six 10' x 10' detectors filtered for a 12-14- was extended to the Southern Hemisphere with three
&iik response. This instrumnt was piggy-backed on a flights on Aerobee 200 rockets from Woomnera, Australia
l).yloaid designed to measure the CO, emission profiles in in September 1974. The source detections fromi All the
tbe Earth's atmosphere. The astronomical results front flights were compiled into the AFCL catalog (Price and
( tese experiments were limtited to A possible detection of Walker 1976) and its supplement (Price 1977). AFC1IL
the Orion nebula amid a measure of the upper limit to the was reorganized into the Air Force Geophysics , bora-
'dithise mnlid-infrared cosmic bac-kground (Walker And tory-AFGL--in 1976.
Prie- 1970. Price amd Walker 1971). These experiments, Various large-scale diffuse sources were subsequently
howe'. c, were valuable in demonstrating the necessity extracted from the data, a cunpicatedl task as the high
tt ir cleainmg And mmaintaining the pa load free of* particu- pass filtering in the signal processing electronics used to
l~ate 'ontaminationa kPrie. Cuminiff, and WValker 1978); attenuate the low-frequency signas from side lube radia-
,' %eil w ith the miodest sensitivity of this instrumenit a dust t had to be deconvolved from the signals. Price, Slur-

pairticle vam be seen out to at least 100 in in front of the duck, And hiarcotte (1960) report oi I11- and 2(J-jirmi zodia-
Whbil". 'rte livced for an Accurate alignmenmt procedure cal emission Along the ecliptic planie between 35' and 75'

a '1d,tahle pa load fixed toalk external reference was also solar elongation. The diffuse mnid-infrared emission
defijed (Prive eta. 1978). within 50 of the galactic plane was inapped by Price And

'lii new starve' instrumnmts were b~uilt by Hughes Nlarcotte (19b0) and Price (1981). Highier-resolution mtaps
kircrat I Co. inl 1970,-with ARPA funids unider the Air Force were also published of the Cygnus region (Price, Star-
NSMpall.ud XliV-11l S ' StemIS OrgAniZAtiOma (SANISO) man- Lotte, and Murdock 19b2), the W3, %V4, amid %V5 region
..gsieit These instrumnents, designated as the HISTAR (Thronson and Price 19U2), and the galactic center (Little
'Lilshlis. were patternied after previously developed semi- and Price 19M5). A detailed description of the instruin-
,on*s tom use ii Anl exo-atiiospheric environment. The tation, sensor performiance, conduct of the experinents,
doimbl% -folded fJi2. 2 Gregorian telescope had beryllium and data reduction and analysis canl be found ii the report
, ptics %% ith a 16.5-cit aperture and ali elkctive Lollectimig by Price Amid Niarcotte (1980) And referveies therein.

.iftla ofi about 150 Vmil,. Thie V~2crossscaiafield was covered A few conminents are in order regarding the objectives
ILV three lii ar staggered array's of doped Ge detectors; of the AFOL survey, or Any other survey, Anid the comn-
.ach' .ai ray conitainied eight 3X3 x 10'5 elements and was pronmises required by the periaramance capabilities of tile
11ltert'd to cover the 3-5 imi, 8-14-pin, and 16-24-Lin various comnponaents. Ideally, a survey should detect all
*.pect ral rt'gmis. The semisor wus cooled from a supereriti- sources brighter than a flux level set by the sensitivity of
Cal haehiatti reser.oir. Seven experuiments were flow'n on the instrulmnt and reject All false or spurious signals.
'.ertahce 170 roickets fromia WSMR between April 1971 These spurious signals can arise from s'.stemn noise, opti-

.iimd lDeceaahaer 1972. Mlost of tile northern celestial sky cal contamination, or transient sources such as man-made
%as survleyeid audaile observaitions were comnpiled in satellites And off-Axis objects deteted through instru-
catalog formn by Walker and Price (1975). mental glints. Obviously, A high degree of redumndancy

Eal. ink 1971 SANISO comnducted the first satellite- Amid survey sensitivity have to be balanced against the
kased infrared surveys. The initial enideavor used a liq- time available to cover the desired Area. Survey sensitiv-

aii-mt'n-caoedtelescope similar to the one used for the ity isafunction ofdeteetor pertbrmnance, collectimig area of
NF(:hIL proof-of-concept flights. The experimenit was de- the optics, and the frequenicy bandwidth defined by thme

Nuniied to take data unitil the neomi ramn out. Unfortunately, scan rate and detector width. The Area survcved is limited
electrical cross talk frmom the spacecraft overwhelmed th~e by the scan rate and time available to Acquire data. The
%cnm~ar sigiAhs so ol't the brightest objects were detected. size And mass of the telescope and supporting payload
A mlore successful experimniit was flownm in the fall of 1971 limit the flight performance of the rocket amid, thus, the
tasiiig a IIISTAR class imnstruimenit with a closed cycle time for data Acquisition either directly for a probe or
cuol[m. Battery ptiwer requiremnts forced the senisor to indirectly for a satellite with expenidable cryogens. A
raster' scanl parallel to the Earth's horizon with the result doubly foled Gregotian optical designi was used for the
that the imnstrumencat was baickground limited by the off- Air Force survey telescopes despite the large central
axis radiation front the Earth. The area outside the solar obscuration because of the weight Adamntage of its fast and
.A% todance. limit, ablout 8U'k of the Sik)', was mapped sev- compact systemui. It Also Allows a field stop to be placed at
;.r;Al timmes lin two inafrared spectral funads before the sue- the internmediate folcus fopr good side-lobe- rejectionm.
viiammcal cooler liled. The objective of the AFCIIL survey was to umeasure the

lThe IIISTAK telescopes were refurbished in 1973, general, large-scale characteristics of the imnfrared eiaiis-
.againa under AHPA sponsorship, to improve the Wie lobe sion from the celestial sphere ablout which little had
rejection, to imncorporate a new focal plamie with the more been previously known. This placed at premniumin cover-
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ing as large an area as possible. Seven experiments were et al. 1983; Gosnell, Hudson, and Puetter 1979; Ney and
originally planned with the anticipation that five would Merrill 1980) and it was realized that many of the sources
be successful. The Aerobee 170 sounding rockets were were extended, particularly those associated with H i
able to fly the 200-kg payloads to altitudes of 155-165 regions (Kleinmann et al. 1979). and thus are strongly
km allowing 200 to 300 seconds of data acquisition. The discriminated against by ground-based observing price-
HISTAR area scan rate was set to be 45 deg s', the dures.
maximum consistent with telemetry restrictions at The AFGL survey results indicate that the bright mid-
WSNIR. Redundancy would be provided by the overlap- infrared sky is dominated by cool objects; about hAlfof the
ping coverage from the different experiments, principally sources are late-type giant stars and the other half are
above 45* declination, and confirmation from ground- objects with even lower color temperature (T. < 700 K).
based observations. These low-temperature objects are either intrinsically

Although more than half the sky was surveyed at least cool or heavily reddened by localized extinction and are
twice on overlapping flights, several factors compromised strongly concentrated to the galactic plane. Indeed, the
the re-scan confirmation. The inherent detector re- circumstellar dust shell sources which are a significant
sponses differed by as much as a factor of two in the array. constituent of the TMSS are among the brightest objects
The mid-infrared arrays were background limited during in the mid-infrared. The stellar visual and ultraviolet flux
much of the data acquisition by radiation from the Earth from these objects is absorbed by the circumstellar dust
and the payload through the side-lobe response of the producing the large (I -K) indices while the wartned dust
telescope and the emission from the residual atmosphere reradiates the energy in the mid-infrared. As a clas, the
above the payload. On subsequent experiments, Mur- circumstellar shell sources in the AFGL survey are much
dock and Price (1985) detected atmospheric emission cooler than those in the TMSS. The optical depth of the
above the payload to altitudes up to 2,80 kn, much higher dust shells surrounding carbon stars must be greater than
than the apogees of the HISTAR experiments. Inhomno- that for M stars as the ratio of carbon stars to M stars
geneities in this atmospheric emission created an addi- among the AFGL objects is about twice that ofthe TMSS.
tional source of spurious signals. Thus, although the aver- Star formation and H u regions are intrinsically the
age detection level in the AFGL catalog of Price and brightest sources in the galaxy between 8 and 30 1Lm and
Walker was estimated to be about 2.5 x 10-16 Wcm- therefore are prominent in the AFGL survey, constitut-
1in 'or 100Jy jy = 10 6 Wim ' Hz ')at 11 and 20 pmn ing over half of the 20- and 27-Ixm sources. Bipolar nebu-
based on log (no. of sources) vs. log (flux) plot it was lae, such as AFGL 618 and 2688, are among the unique
subsequently discovered that about 10% of the sources objects found by the survey. These very luminous sources
were spurious, are thought to be preplanetary nebulae or proto-stellar

A reliable survey requires a high degree of self-confir- sources embedded in dust which has disk-shaped geome-
mnation while completeness can be assured by adopting a try.
high intensity limit to insure source detection in confused After the probe-borne surveys and the small-scale or-
areas and regions dominated by background noise. For bital experiments, the Air Force next planned to orbit the
example, the TMSS was limited to K-s 3, some 2.5 times Background Measurements Satellite by the end of the
above the minimum detectable flux (Neugebauer and 1970s. This satellite was to fly relatively large (36-cm
Leighton 1968, 1969; Hughes 1969) to assure survey com- primary) mechanically cooled infrared instruments to
pleteness and to avoid source confusion in the galactic repeatedly survey the sky to faint flux levels and to mena-
plane at the fainter fluxes. A reliable and complete AFGL sure the faint infrared emission from the upper layers (>
catalog, say to 99% confidence level, would have been 80 kin) of the Earth's atmosphere. Two prototype survey
about five times smaller (Harris and Rowan-Robinson telescopes, designated HI HI STAR, and one earth limb
1977; Grasdalen et al. 1983) with many of the more inter- sensor (ELS) were built. AFCRL was to fly the three
esting sources deleted, prototype instruments on Aerobee 350 rockets with in-

Rather than limiting access to the fainter and perhaps flight performances providing the basis for choosing the
more interesting sources, all the detections consistent design to fly on the satellite. The first, and only, HI HI
with the selection criteria were published and freely dis- STAR flight was-aunched from WSMR in February 1974.
tributed. Confusion over the survey objectives and the An improperly seated fuel valve in the rocket reduced the
caveats published with the catalog caused some initial peak altitude to - 110 km which allowed only 100 square
reservation About the validity of the AFGL catalog con- degrees of the celestial sphere to be surveyed and these
tents (Low et al. 1976; Lebofsky et al. 1976; Gehrz and observations were badly contaminated by emission from
Hackwell 1976; Allen, Hyland, and Longmore 1976). the residual atmosphere above the payload.
Subsequent confidence was gained as the number of The Background Meaaurements Satellite never materi-
sources confirmed by ground-based observation in- alized. Instead, additional probe-borne experiments
creased (Kleinmann, Gillett, and Joyce 1981; Grasdalen were funded to measure specific backgrounds. Over 300

K. mmmmmm m mmmm
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repeated scans of the sky near 0 Andromnedae were ade spectral-band radiwnetry on the dMfuse infrared emlission
at the end of 1974 with a modified HISTAR sensor on an from the zodija dust in 15 bands between 2 and 30 inm
Aerobee 350 launched from WSNII, demonstrating that a with a modest-sized (80 cm' effective collecting area)
space platform could be used for the coaddition advantage off-axis telescope and relatively large, 5' x 15', detectors
in sensitivity. Pelzmann (197h) Also reported possible (Nturdock esaul. 19w0). The spectral bands had moderate
miid-infrared detections of' several galaxies during this resolutions, 0. 1 < AVJL <~ 0.4. and were chosen to resolve
experimnent. The Earth-Limb Experiment (ELE) was possible silicate emission features in the dust. Fligh~ts in
m~odified to include measurements of the absolute radi- the summers of 19I1 and 19b2 sampled the zodiacal cus-
Alice from the zodiacal emission and six ecliptic plane sion between 22)' and 164. elongations And fromt -64?
crossings between T~5 and 230 Sun-centered elongation ecliptic latitude to the north ecliptic pole. A single planec
were made oin ass August 1976 flight (Mturdock 1977). crossing at ',i0 elongation was made with the sine instru-

The flight capabilities of the Aerobee 350 rocket, the mient and a different set of filters onl ail Otober 19?s3
largest research probe vehicle a% ailable in the miid 1976(6, flight.
rtestricted the su~e, weight, And configuration of the pay- The rocket-probe-brmic measurements show that the
load which could be flowns onl these experiments. Thus, infrared properties of the interplanetary dust Are not
the III III STIAK and ELE sensors could only sample simiple functions of solar distance t,%urdock And Price
*1hihall areas with limited viewing angles. Large area, sell- 19M5). Hong and Uni (19b7) inserted the brightness nitc-
,itive infrared surveys onl sounding rockets becamne possi- gral for these observations of the thermal emission Along
ide whelk the surplus second stage of the Minute Man I the ecliptic plane and found that, constrary to what is
was range qualified at WSSII as the AIUES vehicle. This generally Assumed, no single power-law exponent re)Zt>
motor is capable of lifting a 7 50 kg payload to a 380 kin sentb the density of the zodiacal dust; the power-Jaw
aipogee which permits up to 5MK seconds of data tAking. exponent derived from the infrared brightness distribu-
Th'le Bockwvell Ill IIl STAlR sensor, damaged on the 1974 tin varies with both waselength and clugatiomi. Vss
flight during recos ery, was refurbished and reconfigured result implies that the p~roperties of the zodiaCAl dust arc
ItOr a pay5load( designed for etlicicist And rapid survey scan- not spatially homogeneous amad that the visual mscastirc-
uiing (Price. Murdock, and Shivasamdan 1981). msents ol'the zodiacal light sample a different mmmxtuic ' 

A seconsd instrument was developed around the 36-cm, particles thana the infrared.
.ll-lk'ryliunt optics built originally by the Perkin-Elmner The zodiacal experiments also obtained spectroradi-
C.orportn As Am technology demnonstrations for the study osnetry of the diffuse emaissiomn firwi i the galactic tilamic at
phase of the Ill HI STAlR contracts. This Far Infrared Sky several longitudes. the highest signtal-t-moise measure-
Surv% . Experiment (Fll1SSE), a collaboration between inent is for a scan crossing the p~lanme at a longitude of 360.
AI"CL and N IL. had a five-color focal-planle array cover- The spectral resolution is not high enough fon umsassmigu-
ing the spectral region fron) S to 120 An. The instrument ous interpretation hut the mneasuremnts are contsistent
was cosiductively cooled front a superfluid helium reser- with a gray-body emission of about 375 K with A deep 10
%oum which used a sintered-nickel porous plug for fluid in siicte absorption and, possibly, banad emission at 7.7
contai mnt. + 8.6 Aimn amid 11.3 inm due to polycydlic aromatic hydro-

The reharbished HI IIl STAR instrument was flown in carbons (Price et al. 1964; Price 196h).
September 19h2 fromi WVSNII1. About 30% of the sky was With the successful completion of the IRAS survey,
-surveyed onl that experiintnt with emphasis onl the region large area surveys from rocket probecs became obh)5lete
around the galactic center out to 350 longitude. Earlier, in and AFGL has directed its efforts to more specialiZed
januar% ofthe saine year, FIISSE was also flown, the first experiments.
successful large area survey of the sky at wavelengths
longer than 30. Ani. FIIISSE covered 21% ofthe sky in the IN'. Surveys from Satellite Platforms

general direction of the galactic Anticemiter. Price et al. lit addition to the two istid-infrared surveys coniducted
d19K31 published a list of the IOU-Ain sources brighter by the Air Force in 19701, mionitorinag of long-period v an-
thans 100 Jy detected on the FIIISSE flight and the Price, able stars at 2.7 Amn fromn Air Force satellites has beenl
Niurdoek, and Shivanandan (19S3) catalog lists all the reported by Nlaran et ul. (1976, 1977). AdditionlAl survey
far-infrared observations from this experiment. The mid- detections of b9b. sources within 100 of thle celestial equa-
infrared observatonms fromt these two experiments were tor by these instrumenits were compiled into the
incorporated into the Revised AFCL Catalog (Price and "Equatorial Infrared Catalog" (Sweemacy et al. 1977; l1cm-
NMurdock 1983). This catalog is "complete" over the 47% sheimer et al. [978; Sweeney et al. 197b). Further pro-
of the sky covered by the two 19&3 experiments to a flux cessing (Nagy et al. 1979; Sweemicy .ce al. 1979) inacreased
level of about 85 Jy in spectral bainds centered at 11, 20, the number of sources to ['274 aid the survey complete-
And 27 Ain. ness to 57.5% within the declination limits. The huniting

Three other experiments obtained absolute narrow- magnitude of this survey is about 1.5 mag, itter thtan
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the TMSS but the survey is incomplete within the area The IRAS survey was conducted over a ten-month
hounds. period starting in early February 1983 and overed about

A. 'Ihe infrared Astronoinical Satellite 95% of the sky at least twice (Neugebauer et al. 1984). The

In 1974, the Netherlands funded a feasibility study fora survey was conducted with the telescope field held to
within 30' of the radial vector of the satellite in its Sun

lung-wavelength infrared telescope on a satellite plat- synchronous orbit. Thus, the ecliptic coordinate system
firm. About the same time NASA issued an announf.ie- was the fundamental reference frame, with the majority
nitiu of opportunity for a satellite-based infrared survey. of the scans at elongations between 70 and 1010. A small
NASA combined the aspects of several proposals, formed number of scaus late in the survey included solar elonga-
A Scientific working group firot among the proposers tious between 60 and 1200. A complete description of
fi~r ,A mid- and tar-iufrared survey, and negotiated with the instrumentation along with the survey strategy and
the Dutch to consolidate experiments. A three-nation performance is given in Explanatory Supplement to the
HIcnoralndum of agreement was signed dividing the re- IPRAS Catalogs and Atlases (1985).
sponsibilities roughly along technical lines: the U.S. In addition to the confirmation of source detection due
wmuld build the survey instrument and provide the to the redundancy in the focal plane, the survey strategy
launch vehicle and launch support, the Dutch were to provided for rescan of a given area within hours, usually
pro% ide the spacecraft and auxiliary experiments in the on the next orbit, and a subsequent resurvey months
t10.l )laine, aid the U.K. would be responsible for opera- later. Thus, the premium was on reliability. The survey is
tihmial support And the preliminary analysis facility. The complete over most of the sky to flux level of0. 4 )y at 12
(lt.ils of the IPXAS survey instrumentation are given by and 25 p.m, 0.5 Jy at 60 p.m, and 2.5 Jy at 100 Ipm
(mllet 't ct al. k185) and the Dutch experiments by Wilde- (Rowan-Robinson et al. 1%4). Although source confusion
umak, Beintena, aid Wesselius (19h3). in high density areas such as the galactic plane and the

The ILAS telescope has a 60-cm diameter, f/9.6 Magellanic Clouds raise the flux completeness levels
ichley-Chretien optical bench made entirely of beryl- (Rowan-Robinson et ul., chap. Vil o the IRAS Explana-

Immm which is surrounded bya750-litersuperfluid helium tory Supplement, 1985) fainter sources can be extracted
cr ostat. The large collecting area afforded by this two- by coadding the survey data in the regions which are not
,orror design mi er that of, say, a doubly folded Gregorian confused. Less complete is the small-scale structure cata-
ws at tIe expenthe of poorer side-lobe rejection. Redun- log of Helou and Walker (1986) of 600 or so small (2'-')
d.,||t limal plane arrays in each ofthe four colors, 8-15 On sources and the 5000 plus stars in the Low-Resolution
OiS.As detectors), 16-30 lin (Si:Sb), 40-80 1Lm and Spectral Atlas (Raimond, Beintema, and Obion, chap. IX
N)- 120 f.ni (both Ge:Ga), provide confirmation of source of the IRAS Explanatory Supplement, 1985).
de't'ctioit within seconds as the instrument is scanned About one-third of the data acquisition was spent on
.Lcrtss the sky. A unique feature for the survey fcal plane pointed observations. Many of these additional observa-
%%As individ,, -1 field lenses for each detector to improve tions (AOs) consist of several scans centered on a selected
sensitivity and uaiformity of response over the detector source, the coadded images of which have been dis-
aperture. The Dutch auxiliary experiments include a low- tributed (Young et al. 1985). Kleinman et al. (1986) ex-
resolution spectrometer with a resolution of 15 < AIV/ < tracted point sources from these fields and compiled them
(0. and chopped photometer for near-diffraction limited into a Serendipitous Survey Catalog which covers about
imapping of small areas of 50 to 100 Rm, and a short-wave- 2.5% of the sky and is 3.5 to 7.7 times more sensitive than
c ngth channel for Iackground statistics. the sky survey.

The IRAS electronics were dc coupled, permitting the The IRAS survey created a huge data base on the
lIrge-scale diffuse components of the background to be infrared celestial background, the analysis of which has
imeasured. The stability and accuracy of the low-fre- barely begun. NASA has established the Infrared Pro-
cjmenvy ineasutreinents were improved by using matched cessing and Analysis Center (IPAC) and a program for
pairs of %elf-heated JFETs in the preamplifiers (Low 1981) guest investigators to explore the full content of the data
rather than low-temperature MOSFETs nd reducing base. Beichman (1987) has written a review of current
the bias on the detectors. The JFETs have significantly analysis of IRAS observations on solar system and galactic
lower voltage inoise and greater low-frequency stability phenomena while Soifer, Houck, and Neugebauer (1987)
than M(OSFETs; the lower bias reduced (but did not review the IRAS extragalactic observations and subse-
thiminate) the multiple time constant and background quent analyses.
related respoinse eohancements common to low-back- The sky is much more structured than previously
ground infrared photuconductors. These effects were sig- thought. Most surprising was the discovery of the
nilicant for ncket-borne survey measurements using sim- "infrared cirrus" (Low et al. 1984) so named for its fila-
ilar electronics at low frequencies (e.g., Zachor and mentary structure. Catier (1986) elquently describes
Ihuppi 1981). the appearance of the cirrus as having -long, spider-like
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filanets, clunips, and long arching structures composed from the galactic plane (Soidr, Houck, and Neugebauer
of small whisps, filaments, and clumps". The infrared 198t7). Hielou 91%7) has anal) zed the photomietric prper-
cirrus appears to be emission from very small interstellar ties of the normal galaxies.
graphite and silicate grains tDraine and Auderson 1985)
and/or band einisioi froin carbon molecules such as nB. Spacelab 2 IASfra red Telescope

polycyclic arOliatic liydrocarlbous (Puget, Leger, ad n August 195 NASA flew a sll infrared tec'p On
the Spacelab 2 Shuttle. This expermnt had tice dualBoulanager I5) or hydrogenated amorphous carbon objectives to umonitor the infrared emimssioni irni fr lmitth.

Duled amid Williamas di9d. contamination and to surse. the sky at ImIoderate rsolu-"4
Bandstion i five spectral bands Iititeeuin.5 md 12d iLc Th

tlow t al.4 ) centered on e .planle of'symntry ofithe ten-eleiient photomieter is located at the prttlar. toc, ofu lzodiacal dust cloud and roughly 10' on both sides of t a 15-c diameter, oftaxis aluminum lriwar> mnii or.These bands ima be associated witl the proominent Hii- Cooling from the 250-liter superfluid helium dewar isray ailia a s te ro id famllilies , E us.cia d T h e niis (D e rn io tt et ead] ~ i i r m t e 5 -i e u ~ r h id h l u .v , .
rav"Ina ) askod ilihnels, ttsa ini aler t al.ion of provided by vapor flow to the ilistrumimit across a rotar-
19h5) amid iay hiase been formed by a single collision of' jitThsteinru ntcldbraercnedcostwo.' failii.v Iulemolbers somlle 15-,5 kml in diameter several joit. Thus, the ilistrunliemut could be raste'r scanumed across

the sky without nmoving the dewar. Single Si: Ga detectorsiliillioi cat s ago tSvkcs ald Greenberg 1986). Sykes et in the 6.- and 45-U.5-jiii bands mmiior the
1f. t 196, SN kcs, I I unteu, And Low 1966) have also discov-

ecred numerous dust trails in the zodiacal clouds, some of water-vapor contaniination ; the, .5-14.4-iun band ino-whic ca li assciaed ith hor-peiod omes. be rides a cro~ss ret~reuice with IRA-S 12-trn band measure-
ments and is sensitive to CO,; three detectors each in theIPL.AS Asteioid amid Comet Survey 01986) catalogs over 18-30-Lmn band (Si:Sb and 7 0- 120-gun bad (Gc;Cal are

000 detections on know i aisteroids (N\atson et al. 1986) comparable b a (Si:Sb a d U - .ii ba d provideanli ighl) re'liable detectkn, anl 24 comuets (Walker, Mlat- comparable to lIAS 25-g.Un and 100-uii banlds p~rov\ide
so11d igl.id re.le der 19 t, ndi ng s (Wokereb Slat- complete field of view coverage. Each of these detectorsoi~li, and \'t-t'de'r 1bi inicluding six discov~ered by IPIAS. has a 1° x 0.6 field of view, the ceiter third of which isNiamii more oi these objects probably lurk ill the IRAS blocked with an occultiig bar to modulate poit sources

workiig -srs v a data base. into two characteristic peaks as the iistrumnent is scaiied.
Paraneters for the galactic constituents can be derived A single Si:Ga detector ini a 2-3-.1i bad has ai N- slit

f'rou the larl'c IR.-AS data base. Waters, Cute, and Auinan mask and is desigied to be used as a stellar aspect sensor.19S7) and Colhen t al. 19h7) derived the infrared photo- Details of the iistrumnent and nission art given by Koch
iietric properties for nornal stars as a function oftB -V) et al. t1981).

i idex aid s pectral type, respectively. On the global scale, This experiment indicated that the local background
IRAS confiried source-couunt extrapolations based on around the shuttle due to particulates, outgassiiig, and
pru' ious oh bcr ations. I lacking et al. t1985) conclude that thruster firings is generally inuch greater iii the infrared
no new astrophysical objects were evident among the 271 than the astrophysical background (Koch et al. 1987a).
bright 12-pLii sourccs at galactic latitude (b) greater than There were times, especially before sunrise when this
300 away froiin the plaie. All but live of these objects were background was relatively low, when meaningful obser-
associated -.ith previously cataloged sources, dominantly v.ations could be made. Unfortunately, a piece of niylar on
with those in the RAF.;L catalog of Price and Murdoek the sunshade carne loose during the flight and was par-
(1983). At fainter levels, the IRAS 12- and 25-gum source tia',ly in the field of view. Thernial emission from the
couits derived from the point-source catalog, the mini- nylar saturated the mid-infrared detectors and produced
survey (lHowan-Robinson et al. 1984) for the region 20 S low-frequency wandering of the background levels on the
lbI S 400 and at the north ecliptic pole (Hacking and aspect detector and the long-wavelength baud. Approxi-
IHouck 1967) are consistent with the known constituents nately 50% of the sky and 35% of the galactic plane was
and distributions in the solar neighborhood. IRAS detec- surveyed in the 4.5-9.5-KIm band before the mylar prob-
tions of'circunstellar dust shell sources near the galactic lem occurred. Fortunately, the wandering baseline ili the
center define the nuclear bulge at these wavelengths 2-3-um and 77-115-gum bands can be filtered out. For
ktlabing et al. 195; Howan-Robinson and Chester 1987). these bands, data exist over 75% of the sky and galactic

The infrared cirrus and galaxies dominate the celestial plane, including 85% of the region south of! -300 which
background at the longer wavelengths. Chester (1986) is not covered by the TMSS. Melnick et al. (1987) and
estimtates that almost half the 100 Lira listing in IRAS Koch etal. (1987b) published uncalibrated 2-ui maps of
point-source catalog are actually knots in the cirrus, the galactic center and the first quadrant of the galaxy at a
About 25,000 galaxies were detected by IRAS only half of level roughly 10 times more sensitive than the Japanese
which were previously cataloged. in general the galaxies, bAlloon-borne surveys over the same regions at 2.4 imn.
mostly late-type spirals, are readily detected at 60 gum and An uncalibrated 7-gui map of the Cygnus region was also
art the dominant type of object at this wavelength away published.
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C Surveys in the Near Future Ashbrook. J. 1960. Sky and Tel., 19, 463.

The cosmic background explorer (COBE) is the only -. 1964. S. and Tid2. .34o.
existing infrared survey instrument which NASA has AuSaso, G, C.. and Spmn r.d, t. 19074 .frared Astrunomy fievtew,NASA Tech. &Anua. X-1074.
manifested for flight. The objective of this experiment is Aunman. H. H.. and LWw, F. J. 1970, Ap. J. (Letters), 159. L159.
to obtain high-precision photometric measurements of Auman, H. H.. Gillespie. G. M.. Jr., and Low, F. J 1970, Ap. J.
the large-scale isotropy and the spectrum of the cosmic (Letters). 17, L69.
background radiation. Mather (1982) described the in- bader. M.. and WagInmier. C. B. 1970, Appl. Optics, 9, 265.
str aiieatation and outlined the mission. The diffuse in- Bader, M.. and Wtneburne. F. C. 1972, Ap. Space Sci, 30. 29.

BAlhcall. J. N.. and Soaesra, It. St. 1964, Ap. J. Suppl.. 55, 67.
fr.tred background experiment (DIRBE) is also pertinent Barnhart. P. E.. And lI e, W. I. 19W4, Memn. Soc. loy. Sci. Liege,
to tile present rc~iew. This is a inultifilter radiometer IX, 4.
ti.sim all otf-a-\i. Gregorian telescope contained in an aruhart. P. E., Aaid Michell. W E.. Jr 1966, Coutr Pcrkieats Ob,
IRAS-type dewar. Besides the IRAS survey bands the No. 16.
aatrunaeit includes near-infrared polarizers and spectral IBeachiiA C. A. 1987, Ann. Re. Astr. Ap., 25. 521
b.aad, bemoid 120 Iia, itowcser, the field of view is quite lhdelinan. W. P. 1960, Spectral Classificatwn for the Stars of the1tv Calech Tuw-Micron Survey. Pub. Warnwr ad Suvsey Obs.. Vul
lage, 1° .. V V , and the off-axis coastraints are similar to 2. No. 6.
that used lur L.5. ttruitena. M.. Plummer, W., and Strung, J. 1964, Ap. J , 139, 1021.

Briolta, D. A., Jr. 1977, Pit. D. dasseriation, Curicll Utivcrsaity.
V. Conclusions Brtta, D. A., Jr., Pipier, J L.. ad Huu'k, J B 1976, Rocket Infrared

Apphcatotons oft developing tethnology to infrared as- Obserations ofthe Zodiacal Dust Clouid. AFG L-T-7b-0236, A 034054.

triimi and the histor) of survey efforts have been Ca0eo. [t. . 1976. Sky andTelS3. 327

Ati.Il This ii.']udes the many ininovative and pioneering Cameron. _ M.. and Strane. R. E. 1974, Proc. SPIE, 44, 49

ctfhrts which, being partially successful, are seldom refer- CalllpbIl, 5. F., H|olimAaasa, W. F., Thronsuu, If. A., Jr-. ad Ilaricv,
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